A novel metamaterial sensor, integrated with an X-band waveguide, is proposed for high-resolution measurements of variations in the dielectric constant and/or the thickness of a superstrate layer that covers a pair of absorber unit cells. Variations in superstrate parameters are potentially caused by physical, chemical or biological factors, and can be detected by measuring the corresponding shifts in the resonance frequency of the metamaterial sensor. It is estimated by simulation results that resolution levels as good as 1.1 μm change in thickness or 0.023 absolute change in relative permittivity of the sensing layer are feasible for a 10 MHz measurable shift in resonance frequency. Simulation results obtained for the fabricated prototype are verified experimentally with good agreement. [7] [8] [9] with reduced electrical size and improved functionality. MTM absorber arrays are designed to minimise both reflected and transmitted power to yield maximum absorption at the resonance frequency. The majority of the MTM absorbers reported in the literature are designed for radome applications for which the fundamental challenge is to maintain sufficiently high absorption levels under arbitrary excitation conditions regarding the incidence direction and polarisation. Within a single-mode waveguide, on the other hand, the directions of E-field vector and the propagation vector are already known. Therefore, there is no need for complicated absorber topologies when the structure is embedded into a waveguide.
Introduction: Metamaterials (MTMs) are engineered structures possessing extraordinary features such as backward propagation, negative permittivity and/or negative permeability, which are not readily available in nature. For the past decade, MTMs have been extensively used for various applications [1] including absorbers [2] [3] [4] , resonators [5] , antennas [6] and sensors [7] [8] [9] with reduced electrical size and improved functionality. MTM absorber arrays are designed to minimise both reflected and transmitted power to yield maximum absorption at the resonance frequency. The majority of the MTM absorbers reported in the literature are designed for radome applications for which the fundamental challenge is to maintain sufficiently high absorption levels under arbitrary excitation conditions regarding the incidence direction and polarisation. Within a single-mode waveguide, on the other hand, the directions of E-field vector and the propagation vector are already known. Therefore, there is no need for complicated absorber topologies when the structure is embedded into a waveguide.
This Letter reports a proof of concept study for a novel MTM sensor which integrates a pair of simple absorber unit cells with an X-band waveguide to provide high-resolution sensing in physical, chemical and biological sensor applications. To the best of our knowledge, this investigation is the first one in the literature which combines the MTM absorber and MTM sensor phenomena in a simple and efficient manner. In the proposed sensor topology, the absorber unit cells are covered by a sensing superstrate of thickness (t sen ) and relative permittivity (ε r ), and placed within an X-band waveguide, which supports only TE 10 mode over the singlemode bandwidth (which is from 6.56 to 13.73 GHz for the X-band waveguide used in this Letter). Variations in superstrate parameters lead to shifts in the resonance frequency of the sensor. Therefore, frequency shifts measured from the reflectance pattern can be used to estimate the thickness or relative permittivity of the superstrate.
The aim of the proposed sensor design is twofold. First, the superstrate may be composed of an unknown sample to be characterised through sensor measurements. Secondly, an initially known superstrate layer may be used to sense various external factors such as temperature, humidity or the presence of an external material (that can bind to the superstrate layer, for example), which can effectively modify the thickness and/or refractive index of the superstrate in some way. Design: The MTM absorber topology used in this sensor design is a simplified version of the absorber proposed in [4] . The basic unit cell geometry is composed of a cross-wire (CW) resonator and a circularring (CR) resonator printed on the front side of the FR4 substrate as shown in Fig. 1a with dimensions a1 = 9 mm, a2 = 8.1 mm, a3 = 6.8 mm and a4 = 0.35 mm. A pair of these unit cells is printed on the substrate, which is metal-plated on its back side to stop transmission. Copper metallisation on both sides of the substrate has a conductivity of 5.8 × 10 7 S/m and thickness of 0.035 mm, whereas the thickness, loss tangent and relative permittivity of the FR4 substrate are 1, 0.025 and 4.3 mm, respectively. The substrate perfectly fits within the X-band waveguide of dimensions 10.16, 12.8 and 22.86 mm in the y-, z-and x-directions, respectively, as shown schematically in Fig. 1b .
Simulation setup: Complex-valued scattering parameters (S 11 , S 21 etc.) of the MTM sensor are simulated using the commercial full-wave electromagnetic solver CST Microwave Studio, within a computational volume defined by the X-band waveguide dimensions. As indicated in Fig. 1b , perfect electric conductor boundary conditions are imposed at the boundary surfaces coinciding with the metal walls of the waveguide, whereas input and output ports are defined at those surfaces which are perpendicular to the propagation vector, k.
Fabrication and experimental setup: The absorber structure is composed of twin unit cells, which was fabricated (see Fig. 2a ) using the LPKF-ProtoMat-H100 circuit board plotter and placed within the X-band waveguide as shown in Fig. 3a . Then, measurements were conducted using the Agilent 8720D network analyser as shown in Fig. 3b to obtain the S-parameters of the structure. Fig. 4 for the basic structure with zero thickness (i.e. for the t sen = 0 case) for the sensing superstrate. Owing to the copper coating layer placed at the back side of the substrate, T(ω) turns out to be zero. Therefore, as R(ω) is minimised, A(ω) reaches its maximum value of 0.999 (a case of an almost perfect absorber) at 11.9 GHz. As shown in Fig. 2b , the surface current density simulated over the CW resonator is strong. This indicates that the CW component of the absorber is primarily responsible for this electrically excited resonance at 11.9 GHz. The CR resonator, on the other hand, carries very small surface currents at this frequency, but it is still useful to provide fine tuning to minimise the return loss, |S 11 | of the structure.
Experimental results for reflectance, transmittance and absorption are also plotted in Fig. 4 showing good agreement with the simulation results. The measured resonance frequency is detected at 12.46 GHz (with an acceptable error of 4.7%) and the absorption peak is measured as 0.971 (with a small error of 2.8%).
Sensor resolution: For the purpose of sensor resolution assessment, two different sets of simulations were designed. First, the thickness (t sen ) of the sensing superstrate was kept constant at 0.1 mm. The |S 11 | spectra were simulated for different values of superstrate permittivity, ε r = 1, 2,…, 6. The results are plotted in Fig. 5 where the case ε r = 1 implies the absence of superstrate with f 0 = 11.9 GHz as previously shown in Fig. 4 . The resonance frequency is shifted to lower values as the permittivity of the superstrate is increased. Variation of the resonance frequency with respect to sensing layer permittivity is plotted in the inset of Fig. 5 revealing the fact that sensor resolution gets better as ε r decreases. For a measurable shift of Δf 0 = 10 MHz in resonance frequency, the smallest measurable variation in relative permittivity (Δε r ) assumes its best value of 0.023 in the range 1 < ε r < 2. This is the sensor's best resolution regarding the variations in the superstrate permittivity. This value increases to 0.05 in the range 2 < ε r < 5 and it becomes 0.077 in the range 5 < ε r < 6 for Δf 0 = 10 MHz resonance shift. Secondly, the relative permittivity (ε r ) of the superstrate was kept constant at 4.3. The |S 11 | spectra were simulated for different values of superstrate thickness (for t sen = 0, 0.1, 0.2,…, 0.5 mm), and the results are plotted in Fig. 6 (obviously, no superstrate exists for the case t sen = 0 for which f 0 = 11.9 GHz). The resonance frequency is shifted to lower values as the thickness of the superstrate is increased. Variation of the resonance frequency with respect to sensing layer thickness is plotted in the inset of Fig. 6 revealing the fact that sensor resolution improves as the sensing superstrate becomes thinner. For a measurable shift of Δf 0 = 10 MHz in resonance frequency, the smallest measurable variation in superstrate thickness (Δt sen ) assumes its best value of 1.1 μm in the range t sen < 0.1 mm. This is the sensor's best resolution regarding the variations in the thickness of the sensing superstrate layer at the ε r = 4.3 level. This value increases to 2.6, 5.5 and 9.1 μm for the ranges (0.1-0.3), (0.3-0.4) and (0.4-0.5) mm of parameter t sen , respectively.
Conclusion: A novel absorber-based and waveguide-integrated MTM sensor design is demonstrated in this Letter for high-resolution sensing through the measurements of thickness and relative permittivity of a 'sensing' superstrate. The suggested MTM sensor is electrically small, geometrically simple, easy to fabricate, highly sensitive and has the potential of being useful for a wide range of sensing applications.
